With the advent of big synchrotron facilities around the world, pressure is now routinely placed to design a new material or manipulate the properties of materials. In GeTe, an important phase-change material that utilizes the property contrast between the crystalline and amorphous states for data storage, we observed a reversible phase transition of rhombohedral ↔ rocksalt ↔ orthorhombic ↔ monoclinic coupled with a semiconductor ↔ metal interconversion under pressure on the basis of ab initio molecular dynamics simulations. This interesting reversible phase transition under pressure is believed to be mediated by Peierls distortion in GeTe. Our results suggest a unique way to understand the reversible phase transition and hence the resistance switching that is crucial to the applications of phase-change materials in nonvolatile memory. The present finding can also be expanded to other IV-VI semiconductors.
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high pressure | semiconductor chalcogenides | semiconductor-metal interconversion P ressure-induced structural changes in matters are of great interest in many disciplines, such as in physics, materials science, and geophysics. For example, lithium transforms from a metal to a semiconductor insulator under high pressure (1), Ce 3 Al metallic glass converts to a face-centered-cubic crystal at high pressure, and the investigations at high pressures and temperatures on the inner core contribute greatly to the understanding of the Earth (2, 3) . In phase-change materials, the record media for phase-change random access memory (PCRAM) which is considered as the next-generation universal memory type (4) , pressure can be used as a crucial tool to understand the structural and material properties. PCRAM utilizes the large physical property contrast between the crystalline and amorphous states of phase-change materials, especially chalcogenide semiconductors, to record information. Due to the large difference in density between the crystalline and amorphous states, significant pressure is momentarily generated during the writing and erasing process in phase-change recording (5) . On the other hand, pressure is also a very useful thermodynamic variable to study phase stability.
Ge 2 Sb 2 Te 5 (GST) and GeTe are important phase-change materials for PCRAM applications (6, 7) , where the rock salt structured GSTand GeTe act as the zero state in the data storage. The difference between the two compounds in a rock salt structure is that Ge, Sb and 20% vacancies occupy sodium positions in GST, yet there are no such intrinsic vacancies in GeTe. In the past few years, extensive work has been performed to understand the structural changes under pressures for GST in order to unravel the atomistic mechanisms of the phase-change recording (5, (8) (9) (10) (11) . The previous high-pressure studies show that pressure will induce the amorphization of rock salt structured GST (5, (8) (9) (10) (11) , in which the intrinsic vacancies are believed to play an important role (8, 10) . However, this principle cannot be applied to binary chalcogenide GeTe. Therefore, further investigation on the structural evolution of vacancy-free rock salt GeTe under pressure is vital to elucidate the atomistic phase-change mechanism for a comprehensive understanding on the phase-change switching. It is known that GeTe undergoes a series of structural phase transition under pressures (12) (13) (14) (15) , where several intermediate phases were reported. However, the structural phase transitions as well as the underlying driving force are not comprehensively understood partly due to the complexity of the intermediate structures and the internal atomic distortions under pressure. More specifically for PCRAM applications, since the involved phase-change area is in nanometers and the phase-change time scale is in nanoseconds, high-pressure study of phase-change materials is limited by experimental techniques that can hardly provide details of the structural evolutions. In this respect, ab initio molecular dynamics (AIMD) simulations can provide an efficient and rather accurate way to "in situ" observe the structural changes of matters under pressure. In addition, ab initio total energy calculations help us to understand the corresponding property changes.
Motivated by the above aspects, in this work, we have performed prolonged AIMD simulations on GeTe under pressure. The crucial findings of this work are that, unlike Ge 2 Sb 2 Te 5 , which amorphisized under pressures, rock salt GeTe remains in a crystalline state and undergoes a reversible rhombohedral ↔ rocksalt ↔ orthorhombic ↔ monoclinic phase transition coupled with a semiconductor-metal interconversion under the investigated pressure range. Our results show that this reversible phase transition in GeTe under pressures is mediated by Peierls distortion based on the chemical bonding analysis.
Structural Changes Under Pressures
We started with ideal rock salt GeTe, for which the optimized lattice parameter of 6.012 Å (Table 1 ) is in very good agreement with that of experimental values of 5.93 ∼ 6.023 Å (16) . By applying pressures up to 39 GPa, GeTe undergoes a series of phase transition in the sequence of rock salt → rhombohedal → rock salt → orthorhombic → tetragonal → monoclinic (Table 1) . On the other hand, if we allow larger deviations of δ ¼ 0.0253 Å and δ ¼ 0.1491 Å to fit the symmetry for the structures obtained at 5.0 and 18.9 GPa (Table 1) , respectively, we still obtain a rock salt structure. Therefore, the rhombohedral (R3m) and orthorhombic (Pmn21) structures are actually rhombohedrally and orthorhombically distorted rock salt phases, respectively. We can see that the phase transition of GeTe under pressures is very complex, where several intermediate phases appear. The present results are in agreement with that of experimental work under pressures (14) , where phase transitions from rhombohedral to rock salt, pseudotetragonal, and orthorhombic structures have been reported. On decompression, the monoclinic phase is reAuthor contributions: Z.S. designed research; Z.S. performed research; Z.S. and J.Z. analyzed data; and Z.S., J.Z., H.-K.M., and R.A. wrote the paper.
The authors declare no conflict of interest. tained to 26 GPa, but showing different symmetry with that of compression (Table S1 ). Nevertheless, on decompression to ambient conditions, we observed a phase transition in the sequence of monoclinic → orthorhombic → rock salt → rhombohdedral (Table S1 ). The final rhombohedral structure obtained at ambient conditions can also be viewed as a rhombohedrally distorted rock salt phase (Table 1) .
During the phase transitions under compression, we found that the structure shows negligible changes and atoms basically vibrate around their original positions under pressures up to 18.9 GPa. While at 28.6 GPa, some pairs of Ge and Te atoms in the (001) planes move to the middle of adjacent layers along the [010] direction, resulting in six extra layers and thus a tetragonal symmetry ( Fig. 1 A) . With further increasing the pressure to 38.9 GPa, Ge and Te atoms move away from each other in the h111i direction (Fig. 1B) showing large deviations from the original positions, and the structure reveals a low symmetry as viewed from the h010i direction (Fig. 1C) . The symmetry fitting unravels a monoclinic cell consisting of three units in the present used supercell (Fig. 1C) .
Pair correlation functions (PCF) and the distributions of bond angles and coordination numbers unravel details of the structure evolution in rock salt GeTe under pressures. For ideal rock salt GeTe, there is only one Ge-Te bond length (3.01 Å). At 5.0 GPa, the Ge-Te bond splits into one shorter (2.84 Å) and one longer (3.03 Å) bond, and they become 2.80 and 2.92 Å at 10.6 GPa, respectively, showing a decreased difference between the two types of bonds. At above 18.9 GPa, the Ge-Te bond lengths merge into narrow distributions for the first nearest neighbors (Fig. 2A) . The average Ge-Te bond lengths are 2.78, 2.72, and 2.69 Å for the orthorhombic, tetragonal, and monoclinic phases, respectively, indicating a small effect of pressures on the average Ge-Te bonds at high pressures. On the other hand, these three Ge-Te bond lengths are between a sum of perfect covalent radii 2.58 Å, and a sum of perfect ionic radii 2.94 Å (retrieved from http:// www.webelements.com/germanium/atom_sizes.html and http:// www.webelements.com/tellurium/atom_sizes.html), indicating that the chemical bonding in GeTe should be a combination of these two types of bonds. Furthermore, at above 28.6 GPa for the tetragonal and monoclinic phases ( Fig. 2A) , the presence of the first peak at 2.62 Å in Ge-Ge PCF reveals the first Ge-Ge nearest neighbors; the first peaks in Te-Te PCF locate at 3.80 and 3.50 Å for the tetragonal and monoclinic phases, respectively, Table 1 . The fitted symmetry and lattice parameters for GeTe at various pressures, where the maximum deviation (δ in Å) is the atomic deviation from the original positions in the rock salt symmetry
he phase obtained at 0 GPa is the optimized structure at 0 Kelvin (K). Dec. referres to the structure obtained by decompressing the monoclinic phases to ambient conditions (room temperature and 0 pressure). 
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which is the second nearest neighbor pairs. Therefore, large displacements of Ge atoms occurred during phase transition under pressures. As seen from the distributions of bond angle around Ge and Te (Fig. 2B ) at 18.9 GPa, the angles locate at around 90°a nd 176°, revealing a distorted rock salt structure; at 28.6 GPa, a few small peaks located at around 60°, 70°, 128°, and 149°appear beside the main peaks at around 90°and 177°; at 38.9 GPa, the main peak at approximately 90°splits into two peaks locating at around 82°and 97°for Ge and at 82°and 99°for Te atoms, showing the relative large displacement of Ge and Te, which is in agreement with the structure analysis (Fig. 1C) . Nevertheless, the presence of two more peaks at around 60°and 133°suggests the relative large displacement of Ge atoms during phase transition, which can be further supported by the distribution of coordination numbers (Fig. S1 ). The coordination number for Te remains approximately 6 under pressures up to 38.9 GPa, while that for Ge increases with increasing pressure at above 28.6 GPa.
Electronic Structures
The above reversible phase transformation is accompanied by a reversible semiconductor-metal transition. The original rock salt GeTe is a narrow gap semiconductor (Fig. S2A ) with a band gap of approximately 0.4 eV, which is higher than the estimated value of 0.1-0.2 eV suggested from concentration dependence of susceptibility mass but lower than the value of 0.7-1.0 eV observed from optical absorption edges (17) . Further, the valence band below the Fermi level is dominated by Te 5p and Ge 4p states with contributions from Ge 4s states (Fig. S2B) , showing a Ge4p-Te5p covalent bonding character in rock salt GeTe. By gradually applying hydrostatic pressures to rock salt GeTe, the valence band maximum and conduction band minimum move toward the Fermi level, resulting in the transition from a semiconductor to a metal (Fig. 3A) . Compared to rock salt GeTe, more Ge 4s electrons contribute to chemical bonding at high pressures as seen from the increased states below the Fermi level (Fig. 3B) . The states at the Fermi level consist of Ge 4s4p and Te 5p electrons with the p electrons dominate (Fig. 3B) , suggesting that the conduction still mainly results from the p electrons.
Chemical Bonding Analysis
The values of charge transfer obtained by a Bader charge analysis code (18, 19) can give us an estimation of the ionic bonding character. The estimated average charge around Ge and Te in GeTe under ambient condition and various pressures are listed in Table 2 . The results show that Ge denotes electrons to Te, which indicates an ionic character in GeTe. Furthermore, distortions induce more electron transfer from Ge to Te, for example, the charge transfer for rock salt GeTe both at ambient conditions and high pressure (10.6 GPa) is more or less the same (Table 2) , while slight distortion of either rhombohedral or orthorhombic will increase the charge transfer to 0.343 e and 0.497 e, respectively, suggesting the increased ionic proportion in the chemical bonding of GeTe with distortions. By gradually decompressing the monoclinic cell to ambient conditions, the average charge transfer is 0.448 e and 0.444 e for the rhombohedral with a lattice parameter of 6.06 Å and 6.02 Å, respectively, showing a slight effect of the lattice parameters on the charge transfer at ambient conditions. Electron localization function (ELF) (20, 21) analysis can provide a rather quantitative understanding on the chemical bonding in GeTe under pressures (a detailed explanation of ELF is given in the figure caption of Fig. 4 ; briefly, the higher the ELF value between atoms, the stronger the covalent bond). The ELF in Fig. 4A -C reveals a character of alternately strong and weak covalently bonded square rings, which is in contrast to that of ideal rock salt GeTe where evenly distributed chemical bonds are observed (Fig. S3) . The character of alternately strong and weak covalent bonds unravels the presence of Peierls distortion in the high-pressure GeTe phases, which has been reported in liquid GeTe (22) . Considering there are 10 electrons per atom pair in GeTe, but 12 electrons are required to saturate the octahedrally coordinated chemical-bonds, there are not sufficient numbers of electrons to satisfy the orbitals requirement for covalent bonding, and hence the six bonds are not equal. Further, going from Fig. 4 A-C for the high-pressure phases of rhomobohedral → rock salt → octahedral, the strength of weak bonds increases with pressures, and finally results in three strong covalent bonds in one Ge-Te square ring in orthorhombic GeTe. The results show that before GeTe completely loses its rock salt symmetry, the character of Peierls distortion gradually weakens with increasing pressures and according to this it should finally disappear at certain pressures. Even though nearly all bonds are equally strong and the Peierls distortion character is not obvious in most parts of the structure at 28.6 GPa (Fig. 4D) , a small part of the structure consists of highly distorted square rings and hence again results in the alternate strong and weak covalent bonds (Fig. 4E) . As a result, the distorted rock salt phase transforms to a tetragonal symmetry. The results show that rock salt GeTe with equally bonded Ge-Te bonds is not stable and Peierls distortion will release the repulsive energy and stabilize the structure. Therefore, with increasing pressures distorted rock salt GeTe transforms to low-symmetry phases to keep the Peierls distortion. According to this rule, GeTe should collapse to even low-symmetry phase with further increasing pressures, which is confirmed by the phase transition to monoclinic at 38.9 GPa. The typical ELF for GeTe at 38.9 GPa (Fig. 4F ) reveals highly distorted square rings bonded by alternately strong and weak covalent Ge-Te bonds and hence results in the Peierls distortion character in the monoclinic phase.
Upon decompressing the monoclinic structure to ambient conditions following the reverse compression route, the monoclinic phase retains to 26.4 GPa but with different symmetry (Fig. S4) , all the other structures are restored at the same volumes, showing a reversible phase transition (Table S1 ). We believe that this interesting reversible phase transition is mediated by the effect of Peierls distortion in GeTe. Furthermore, the final structure at ambient conditions has a rhombohedral or distorted rock salt symmetry for different lattices of a ¼ 6.02 and a ¼ 6.06 (Table 1  and Table S1 ), showing excellent agreement with that of experiments. The distorted rock salt structure also reveals alternate strong and weak Ge-Te bonds (Fig. S5) , indicating the Peierls distortion character. Therefore, we believe the reversible phase transition in GeTe should be mediated by Peierls distortions. The same conclusion can be expanded to IV-VI semiconductors and the Ge-Sb-Te phase-change materials as well.
Computational Methods
Our ab initio molecular dynamics (AIMD) calculations were performed within the framework of density functional theory as implemented in the Vienna ab initio simulation package (VASP) (23) . The interatomic forces were computed quantum mechanically using projector augmented wave potentials within the local density approximation (24) . Gaussian smearing with a broadening value of 0.1 eV and one gamma point were applied for the AIMD simulations. For the relaxation of ions and static ab initio total energy calculations, the projection augmented wave potentials within the generalized gradient approximations of Perdew-Burke-Ernzerhof and the k-points of 2 × 2 × 2 automatically generated with Gamma symmetry were used (25) . We used a cutoff energy of 131.4 eV for the potentials in the AIMD simulations and that of 218.7 eV in the static calculations. The d electrons have also been considered as valence electrons for the high-pressure AIMD simulations, however, the analysis on density of states shows that the d electrons located at the lowest values, and hence their contribution to chemical bonding, can be ignored, therefore, the results shown in the paper are AIMD simulations without d electrons. The charge transfer of GeTe at various pressures was estimated by the Bader charge analysis code (18, 19) .
The initial cell of rock salt structured GeTe consisted of 216 atoms with an optimized cell size of a ¼ b ¼ c ¼ 18.042 Å. The system was then subjected to increasing pressures by gradually reducing the volume in several steps (V∕V 0 ¼ 0.9266, 0.859, 0.7930, 0.7305, 0.6716). Each simulation at a fixed volume lasted 86 ps. In order to compare with the previous results of Ge 2 Sb 2 Te 5 (8), the compression temperature was set at 100 K during compressing and at 300 K for decompressing, where the temperature was controlled using the algorithm of Nosé (26) . The obtained structure at each volume was under further ionic relaxation at 0 K before performing static calculations to obtain the structure and electronic structure information.
Conclusions
Our study suggests the importance of Peierls distortion in the reversible phase transition of GeTe under pressure. The present rule can be applied to the other similar IV-VI semiconductors and shed new light on the mechanism of phase-change recording. Furthermore, we suggest that Peierls distortion plays an important role in the chalcogenide phase-change materials where unsaturated bonds exist, which might be an important merit when searching for new phase-change materials. 
